Puroindolines (Pins) and purothionins (Pths) are basic, amphiphilic, cysteine-rich wheat 2 proteins that play a role in plant defense against microbial pathogens. We have examined the 3 co-adsorption and sequential addition of Pins (Pin-a, Pin-b and a mutant form of Pin-b with 4
INTRODUCTION 18
Plants produce proteins and peptides with antimicrobial and antifungal activities as a defense 19 mechanism against pathogenic species, which exert their activity through interaction with the 20 cytoplasmic membrane of the target pathogen. 1, 2 In previous studies, we have characterized 21 the lipid membrane interactions of puroindoline (Pin) and purothionin (Pth) proteins (both 22 isolated from hexaploid wheat) using air/liquid monolayer membrane models. [3] [4] [5] Pins are ~13 23 kDa proteins that occur as two wild-type isoforms, Pin-a and Pin-b, which both feature a Trp-24 rich domain that is thought to be the site of interaction with lipid membranes and has 25 sequence similarity to indolicidin, a mammalian antimicrobial peptide. 6 Pins are up-regulated 26 during times of pathogenic attack and have been shown to act against known plant pathogens 27 including fungal pathogens as well as Gram-positive and Gram-negative bacteria.
7-9 28
The Trp-rich domain is not fully conserved between the wild-type isoforms; Pin-a contains 29 five Trp residues (WRWWKWWK) and Pin-b has a truncated domain containing three Trp 30 residues (WPTKWWK).
10,11 Moreover, allelic variation in Pin-b gene expression within 31 certain wheat varieties leads to a mutant form of Pin-b containing a single residue substitution 32 of tryptophan to arginine (Trp-44 to Arg-44) within the Trp-rich domain.
12 This Pin-b mutant 33 domain has the sequence WPTKWRK and its presence in wheat is associated with the 34 occurrence of hard-textured endosperm, which is a quality determinant for food use. 13, 14 35 Using a combination of surface-sensitive techniques, we have further demonstrated that this 36 single residue substitution reduces depth of penetration into lipid membranes relative to the 37 wild-type Pin-b, 15 ,16 and we also determined a major effect of this point mutation on the 38 synergistic interactions of Pin-a and Pin-b with respect to lipid membrane penetration. 3 
39
Pths are of lower molecular mass (~5 kDa) than the Pins and do not feature any Trp residues 40 within their primary structure. 17 Here we focus on β-purothionin (β-Pth), which is believed to 41 hypothesis. Surface pressure measurements and external reflection-Fourier transform 48 infrared (ER-FTIR) spectroscopy have been used to monitor the surface penetration and 49 adsorption of mixed/sequential β-Pth/Pin systems to lipid monolayers. Although these 50 techniques cannot differentiate between the different proteins within a system, the combined 51 ability to probe the protein penetration and the lipid layer structure provided a useful insight 52 into the mechanism of interaction of each protein with lipid membranes. In addition, neutron 53 reflectometry (NR) has been employed to study the interfacial layer structure of selected 54 systems. 55
MATERIALS AND METHODS 56

Materials 57
The anionic lipid, 1,2-dipalmitoyl-sn-glycero-3-phospho-(l'-rac-glycerol) (DPPG, synthetic, 58 purity >99%), was purchased from Avanti Polar Lipids (Alabaster, AL, USA) and used 59 without further purification. Stock solutions (1 mg/mL) of DPPG were prepared in HPLC 60 grade chloroform (Sigma-Aldrich, Dorset, UK) and stored at room temperature. Wild-type 61
Pin-a and Pin-b were extracted from flour milled from Claire winter wheat and purified using 62
Triton X-114 phase partitioning and chromatographic techniques as described previously. 20 63 β-Pth was purified on a C18 reverse phase HPLC as described previously; 21 the starting 64 material used in this process was the Pth-rich fraction obtained as a by-product of the 65 subtraction purposes were collected during the purge of the sample area prior to the addition 115 of the lipid film. No further processing was performed to the data. Experiments were 116 performed in triplicate unless stated otherwise 117
Neutron reflectivity of Pin-a and B-Pth synergistic systems 118
Neutron reflectivity (NR) datasets were collected and reduced at SURF and CRISP neutron 119 reflectometers at ISIS (Rutherford Appleton Laboratory, Didcot, UK) using respective Q 120 ranges of 0.01-0.35, which translates to neutron wavelengths of 0.55-6.8 Å and 0.5-6.5 Å 121 respectively. Neutron scattering is a nuclear effect such that for hydrogen and deuterium the 122 scattering length is significantly different (Table 1) , which allows the use of isotopic 123 substitution to produce a number of reflectivity profiles corresponding to a single interfacial 124 structure. 23 In conjunction with NR, this provides a way of identifying the interfacial 125 structure of a multicomponent system. Details of the procedure to obtain and fit protein-lipid 126 profiles have been described previously.
127
Protein adsorption to DPPG monolayers was measured on a PTFE Langmuir trough as 128 described above for surface pressure measurements. NR profiles were recorded before and 129 after addition of protein, allowing time for equilibrium of the lipid/protein systems. 130
Experiments were carried out on an aqueous subphase composed of air contrast matched 131 water (non-reflective water (NRW): 8% D 2 O, 92% H 2 O); this was to make the reflectivity 132 profile sensitive only to material at the air/liquid interface. Data was collected at two angles 133 for experiments on NRW 0.7 o and 1.5 o ; the beam intensity was calibrated with respect to a 134 clean D 2 O surface. Data was obtained using phospholipids with hydrogenated and deuterated 135 tail regions to provide isotopic contrast between the protein and the phospholipid at the 136 interface. 137 together at the respective beamline. The reflectivity profiles were then analyzed using optical 139 matrix formalism, 24 to fit Abeles layer models to an interfacial structure using the data-fitting 140
program RasCAL developed at ISIS by A. Hughes. A typical modeling procedure calculates 141 the reflectivity based on fitting structural parameters; number of layers at the interface, 142 thickness (τ) and scattering length density (ρ) of each layer and layer roughness. A set of 143 reflectivity profiles measured under different isotopic conditions are fitted together to the 144 same parameters except for differences in scattering length density; this allows different 145 components within the system to be highlighted, and the volume fraction (Φ) of each 146 component to be determined. 25 
147
For each layer within the fit, the scattering length densities of the individual components 148 (Table 1) can be multiplied by their respective volume fractions to give the measured 149 scattering length density for each isotopic contrast reflectivity profile. Thus, the volume 150 fraction of each component within each interfacial layer can be determined. For mixed 151 protein systems, the scattering length density was calculated as the average of Pin-a and β-152 Pth. 26, 27 The surface area and the surface excess are calculated directly from the calculated 153 volume fractions. With knowledge of the volume fraction of each component at the interface, 154 the area per molecule and surface excess can be calculated assuming that the surface is made 155 of uniform layers. (Table 2 ). This observation, together with the 206 surface pressure data may suggest some level of competitive adsorption from these mixed 207 system solutions. 208 measurements, all protein systems resulted in a rapid increase in surface pressure that reached 211 equilibrium within 10 min leading to a surface pressure change of 9.9, 11.3 and 13.7 mN/m 212 for β-Pth/Pin-a, β-Pth/Pin-b and β-Pth/Pin-bs systems, respectively. The rate of increase in 213 surface pressure was similar to that measured for β-Pth binding alone.
5 FTIR data showed a 214 rapid appearance and then increase in the amide I peak area for adsorption of β-Pth/Pin-a and 215 β-Pth/Pin-b to the lipid surface. As shown in Table 2 This can also be observed in the raw spectra, where the peak maximum shifts towards 1640 248 cm -1 during lipid binding. From our knowledge of the secondary structure of these proteins, 249 this shift towards higher random coil structure would be consistent with an increase in the 250 amount of Pin-b or Pin-bs at the interface. Indeed, the deconvoluted spectra of β-Pth/Pin-b 251 and β-Pth/Pin-bs after 60 min adsorption are remarkably similar to those observed for Pin-b 252
and Pin-bs alone. 16 According to our previous studies, Pin-a appears to have a higher helix 253 content compared to Pin-b in the presence of lipid and, therefore, less change would be 254 expected for competitive adsorption between Pin-a and β-Pth. upon protein addition to the condensed lipid layer are given in Table 3 , and for amide I peak 263 areas in Table 4 . 264
In Figure 3A , 0.48 µM β-Pth was added to the buffer subphase and the surface pressure 265 monitored for approximately 120 min before addition of 0.48 µM of either Pin-a or Pin-b. 266 Figure 3C shows the surface pressure profiles for sequential adsorption where the Pin protein 267 is added first. From Figure 3A it can be observed that upon the addition of β-Pth to the sub-268 phase there was a rapid increase in the surface pressure within the subsequent ten minutes. 269
The system had fully equilibrated to give an increase of 9.5 ± 0.6 mN/m before the addition 270 of the second protein after 120 min (Pin-a or Pin-b). Upon addition of Pin-a to a preadsorbed 271 β-Pth system, the surface pressure quickly increased by 1.6 ± 0.3 mN/m within 30 minutes 272 and then equilibrated; the total surface pressure change of the complete system was 11.1 ± 273 0.4 mN/m. When Pin-b was added to a preadsorbed β-Pth system, there was a negligible 274 increase in surface pressure, with a total surface pressure change for the complete β-Pth/Pin-b 275 system of 9.4 ± 0.5 mN/m as compared to 9.0 ± 0.8 mN/m for β-Pth alone. 276
When the order of the protein addition is reversed, Pin-a and Pin-b show slower kinetics 277 towards equilibrium binding than those for β-Pth, giving a surface pressure increase of 7.9 ± 278 1.0 mN/m and 9.2 ± 0.7 mN/m after 120 min, respectively, as has been observed in previous 279 work. 5, 16 On the addition of β-Pth to a preadsorbed Pin-a system there was a rapid increase in 280 surface pressure, equilibrating at a total surface pressure change for adsorption of both 281 proteins (total protein concentration of 0.96 µM) at 9.3 ± 0.3 mN/m. This total surface 282 pressure change is similar to the surface pressure change for the 0.48 µM β-Pth single protein 283 system on this trough ( Figure 3A) . When β-Pth was added to a preadsorbed Pin-b/DPPG 284 layer, a small increase was observed giving a total pressure change for both proteins of 10.2 ± 285 0.6 mN/m. 286
Comparison of the surface pressure changes for these sequential adsorption systems shows 287 similar total surface pressure changes after adsorption of the two proteins between all 288 systems, ranging from 9.3 to 11.1 mN/m, and using the Bonferroni multiple comparison 289 (P<0.05) statistical test there are no significant differences between the different systems 290
where the Pins were added first; however, the changes are significant when the β-Pth is added 291 to the subphase first and followed by Pin-a. Furthermore, there are differences in the step 292 changes on addition of the second protein highlighting differences in the ability of the 293 individual proteins to penetrate into the lipid layer. Since surface pressure changes are 294 sensitive to penetration of protein into the lipid layer, a limit in the maximum increase in 295 surface tension at high protein concentration might be expected upon full compression of the 296 lipid layer. 297
The amide I peak areas from the ER-FTIR experiments for these sequential adsorption 298 systems are shown in Figure 3B and D. The associated spectra showing the carbonyl region 299 both prior to addition of protein and after adsorption equilibrium of each sequentially 300 adsorbed protein are given in Figure 4 . Figure 3B compares the two sequential systems where 301 β-Pth was added to the lipid subphase first and Pin-a or Pin-b was added second. Upon β-Pth 302 addition, adsorption of protein was observed by the rapid appearance of a peak in the amide I 303 region to produce a peak maximum at 1644 cm -1 ; the system was fully equilibrated within 10 304 minutes after protein addition. Upon the addition of Pin-a to the β-Pth/lipid system the size of 305 the amide I peak increased four-fold within 10 min and the system fully equilibrated within 306 an hour with a peak maximum at 1643 cm -1 . Addition of Pin-b to the β-Pth adsorbed lipid 307 surface resulted in a two-fold increase in the amide I peak area and a shift in the peak 308 maximum to 1640 cm -1 . The corresponding final peak area values are given in Table 4 . 309
When the order of protein addition was reversed, the addition of Pin-a to the DPPG layer was 310 accompanied by the appearance of a strong peak in the amide I region with a peak maximum 311 at 1644 cm -1 ( Figure 3B and 4) . According to the differences observed in the amide I peak 312 areas, the amount of Pin-a adsorbed at 0.48 µM was approximately four-times that of β-Pth to 313 DPPG and equivalent to the total protein adsorption (at 0.96 µM) for β-Pth/Pin-a sequential 314 adsorption. This can be seen from comparison of peak area data in Tables 2 and 4 . Addition 315 of β-Pth to the Pin-a/DPPG surface resulted in no further increase in adsorbed amount 316 according to the amide I peak area. 317
When Pin-b is added to the sub phase first (Figure 3D ), the amide I peak area reaches a value 318 of approximately 0.075 at equilibrium; this value is approximately half that observed for 319 adsorption of Pin-a and equivalent to the value seen for the total adsorption of the β-Pth/Pin-b 320 sequential system. Addition of β-Pth to the Pin-b/lipid surface led to an increase in the amide 321 I peak area from 0.075 to 0.93, resulting in a final amide I peak area that was 30% greater 322 than the total amide I peak area observed when β-Pth is adsorbed to the lipid layer first. 323
Regarding the impact that the protein binding has on lipid structure, our data (not shown) 324 supports previous reports, 5 with a ~8 % reduction in CH 2 asymmetric peak area upon β-Pth 325 addition. However, this only occurs in cases where β-Pth is adsorbed first. If added to a pre-326 adsorbed Pin/lipid surface the purothionin is not able to disrupt the lipid surface. Thus the 327 mechanism of lipid removal as suggested in the literature is prevented or reduced in the 328 presence of puroindolines. Figure 5A shows the NR profile and the best NR model to data fit obtained from a monolayer 346 of tail deuterated DPPG at the air/liquid interface compressed to 22 mN/m on a NRW 347 subphase. The scattering length density profile across the interface that is described by the fit 348 is shown in Figure 5B , and the structural parameters obtained from these fits are given in 349 Figure 6A shows the NR profiles and the best three layer fit obtained for Pin-a/β-Pth 354 coadsorbed (0.96 µM) to a condensed phase DPPG monolayer; the scattering length density 355 profile of the fit is shown in Figure 6B , and the resulting structural parameters obtained are 356 given in Table 5 . The best model-to-data fit used a three layer interfacial structure, where 357 for the three-layer fit are shown in Table 5 . As with the coadsorbed film, the best model-to-378 data fit obtained for the sequential addition of β-Pth adsorbed to a Pin-a/DPPG surface was a 379 three layer interfacial structure with layer thicknesses of 20 Å, 10 Å and 34 Å for the lipid 380 acyl chain, lipid head group and protein below the film respectively. The volume fraction of 381 lipid was shown to decrease on addition of protein to the lipid surface due to an increase in 382 lipid layer thickness from 22.7 to 30 Å. The layer before adding β-Pth was a Pin-a/DPPG 383 layer that has been described previously as having a lipid layer thickness of 26 Å and a 384 protein layer below the lipid of 33.5 Å; the distribution of protein between these layers was 385 0.2, 0.51 and 1.55 mg/m 2, respectively. 5 Table 5 shows that on addition of 0.48 µM β-Pth to 386 this system, the lipid layer became thicker and the amount of protein within the acyl lipid 387 region and below the lipid layer increased by 0.25 mg/m 2 and 0.26 mg/m 2 , respectively. 388
The NR data supports the findings from FTIR experiments that showed Pin-a as the dominant 389 protein adsorbed from mixed β-Pth/Pin-a systems. However, the presence of a pre-adsorbed 390
Pin-a layer does not prevent a small increase in surface pressure on addition of β-Pth (1.6 ± 1 391 mN/m), which was indicative of additional penetration of protein into the lipid. total adsorbed amount for β-Pth is much less as shown by the peak area of the amide I peak 409 by FTIR and in previous studies by NR measurements.
5 However, the relatively small size (5 410 kDa) and helical amphipathic structure of β-Pth enables it to more rapidly penetrate into the 411 lipid layer. It is less hydrophobic than any of the Pins, but highly cationic with a charge of +8 412 at pH 7. 413
The lipid binding Trp-rich loop of the different Pin proteins differs by the number of Trp 414 residues, but the Pins have similarities in MW, hydrophobicity and isoelectric points. Pin-a 415 has a pI of 10 and Pin-b has a pI of 11 according to 2D electrophoresis studies. 31 However, 416
Pin-b is recognised to be more water-soluble than Pin-a and less inclined to self-associate in 417 aqueous solution; 32 at pH 7 its net charge is +9 compared to +6 for Pin-a. The difference in 418 behavior of the Pin proteins appears to be associated with the Trp-rich loop, rather than total 419 charge or hydrophobicity of the proteins; however, the behaviour is not simply linked to 420 number of Trp or cationic residues in this loop. Pin-b is the more penetrative in terms of lipid 421 binding of the Pins with three Trp residues within the loop, compared to five for Pin-a and 422 two for Pin-bs. However, it does have two proline residues within the loop and fewer charged 423 residues within that region, which may promote deeper penetration into the hydrophobic 424 region of the lipid layer, thus behaving most like β-Pth in terms of lipid-penetration. Both 425
Pin-a and Pin-bs adsorb strongly to the lipid head group region and penetrate less into the 426 lipid tail region of the lipid layer. Pin-a however, competes very well with β-Pth and appears 427 to dominate at the lipid surface, whereas Pin-bs competes very poorly and is prevented from 428 binding strongly to the lipid in the presence of β-Pth. 
